r Sleep disordered breathing (SDB) affects 4-11% of children and is associated with adverse neurocognitive, behavioural and cardiovascular outcomes, including reduced autonomic control.
Introduction
Sleep disordered breathing (SDB) is a prevalent childhood condition affecting 4-11% of children (Lumeng & Chervin, 2008 ) with a range of severities from primary snoring (PS) to obstructive sleep apnoea (OSA). Our group and others have identified that primary-school-aged children with SDB have pronounced cardiovascular (Li et al. 2009; Horne et al. 2011; Walter et al. 2013a,b) and neurocognitive (Blunden et al. 2000; Bourke et al. 2011) dysfunction. In contrast, preschool-aged children with SDB appear to have less severe sequelae (Jackman et al. 2012; Nisbet et al. 2013a,b) .
The cardiovascular effects associated with SDB are believed to result from repeated hypoxia and reperfusion and surges in heart rate (HR) and blood pressure (BP) associated with the obstructive respiratory events that characterize the condition. Analysing heart rate variability (HRV) using power spectral analysis is a commonly used and reliable method of non-invasively assessing the autonomic control of HR during wake and sleep (Nisbet et al. 2014) . The output of HRV spectral analysis is typically divided into a low-frequency (LF) spectrum, considered to be mediated by both the parasympathetic and sympathetic nervous systems, and high-frequency (HF) spectrum, which represents only parasympathetic activity (Akselrod et al. 1985; Trinder et al. 2001) . Studies during wakefulness (O'Brien & Gozal, 2005; Chaicharn et al. 2009; Montesano et al. 2010) and sleep (Liao et al. 2010a,b; Muzumdar et al. 2011) have demonstrated impaired autonomic control in children with SDB. Studies have not, however, directly investigated how SDB impacts on the normal maturation of autonomic control in children.
Studies of healthy non-snoring children have shown that HRV parameters increase with age, reflecting a progressive maturation of the autonomic nervous system during childhood (Massin & von Bernuth, 1997; Massin et al. 2000; Kazuma et al. 2002) In previous studies, we have shown that autonomic control differs in response to SDB in children at different ages (Nisbet et al. 2013a,b) . Primary-school-aged children with all severities of SDB had significantly depressed HRV compared with non-snoring control children . In contrast, in preschool-aged children, only those with moderate/severe OSA exhibited an increase in parasympathetic activity, probably reflecting the increased respiratory effort in these children (Nisbet et al. 2013b) .
HR and BP are controlled by cardiovascular centres located in the medulla oblongata, via the autonomic nervous system. Cardiovascular centres are clusters of neurons that respond to changes in BP, and importantly to changes in blood concentrations of oxygen, carbon dioxide and other factors such as pH (Wenker et al. 2017; Biga, 2018) . C1 neurons located in the rostral and intermediate portions of the ventrolateral medulla regulate the autonomic nervous system via projections to sympathetic and parasympathetic preganglionic neurons (Guyenet et al. 2013) . C1 neurons may be directly or indirectly activated by CNS hypoxia (Sun & Reis, 1994) . However, arterial oxygen saturation measured peripherally may not reflect oxygen delivery to the brain, which depends on cerebral blood flow as well as arterial saturation. Cerebral blood flow is predominately driven by the pressure gradient between arterial blood pressure and intracranial pressure (Tarumi & Zhang, 2018) . Fluctuations in cerebral blood flow are buffered by cerebral autoregulation, and studies have shown that the autonomic nervous system contributes to functioning cerebral autoregulation in healthy adults (Hamner et al. 2010 (Hamner et al. , 2012 . In one study, alpha-adrenergic sympathetic blockade resulted in significant tachycardia, and the greatest oscillations in cerebral blood flow occurred at the highest frequencies of controlled BP changes (Hamner et al. 2010) . This study demonstrated that the sympathetic nervous system selectively buffers cerebral blood flow against arterial pressure changes in the shorter time scales (seconds) (Hamner et al. 2010) . The parasympathetic nervous system tonically balances cerebral sympathetic vasoconstriction with active vasodilatation, while also dynamically responding to falls in BP. Conversely, activation of the sympathetic nervous system counteracts rises in BP (Hamner et al. 2012) .
Under normal circumstances, the oxygen supply to the brain is maintained via cerebral autoregulation. Cerebral autoregulation is reduced in adults with OSA (Nasr et al. 2009) . Furthermore, adult studies have demonstrated decreased cerebral oxygenation in patients with OSA compared with controls (Hayakawa et al. 1996; Valipour et al. 2002; Schwarz et al. 2018) . There have been only three studies assessing cerebral oxygenation in children with SDB and although they identified that changes in brain oxygenation are seen in relation to obstructive events without changes in peripheral oxygenation, only small differences in cerebral oxygenation were found between children with SDB and non-snoring control children when averaged across the sleep stages (Khadra et al. 2008; Olmo Arroyo et al. 2017; Tamanyan et al. 2018) . It is possible that the repetitive bradycardia and tachycardia which occur during and following respiratory events, respectively, are accompanied by repetitive changes in cerebral oxygenation. Therefore, an association between autonomic function and cerebral oxygenation may help to explain the sequelae of SDB.
The aim of this study was firstly to determine how SDB altered the normal age-related changes to the HRV parameters, and secondly to determine the association between measures of cerebral oxygenation [tissue oxygenation index (TOI) and fractional tissue oxygen extraction (FTOE)] and HRV parameters in children with SDB. We hypothesized that SDB would have a significant effect on the normal increase in HRV that occurs with age in children, and furthermore that a decrease in cerebral oxygenation would be associated with decreased autonomic control of HR in an age-dependent manner in children with SDB.
Methods

Ethical approval
The study conformed to the standards set by the Declaration of Helsinki. This study was not registered with a research database. Ethical approval was obtained from the Monash University and Monash Health Human Research Ethics Committees (14024B). Written consent was obtained from parents and verbal assent from children.
Children (3-12 years) referred for clinical assessment of SDB at the Melbourne Children's Sleep Centre between May 2014 and December 2016 were recruited. Participants were otherwise healthy with no comorbidities such as craniofacial syndromes, developmental disability and genetic syndromes, and were not taking any medications known to affect breathing or sleep. Age-matched control children with no previous history of snoring were recruited from the community.
All children underwent overnight attended polysomnography (PSG). Height and weight were measured and converted to a body mass index (BMI) z-score to adjust for sex and age (Ogden et al. 2002) . Prior to the commencement of the PSG study, office BP measurements were taken in triplicate using Dinamap (V100, CARESCAPE, Freiburg, Germany) when the children were sitting at rest and upright, and the average of the measurements was used for analysis. Electrophysiological signals were recorded using a commercially available PSG system (E-Series, Compumedics, Melbourne, Australia) using standard paediatric recording techniques (Iber et al. 2007 ). Electrodes for recording left and right electrooculogram, submental electromyogram, left and right anterior tibialis muscle electromyogram and ECG were attached. Thoracic and abdominal breathing movements were detected using respiratory inductance plethysmography (Pro-Tech zRIP Effort Sensor, Pro-Tech Services Inc., Mukilteo, WA, USA). Transcutaneous carbon dioxide (TcCO 2 , TCM4/40, Radiometer, Denmark, Copenhagen), nasal pressure and oronasal airflow were also recorded. Oxygen saturation (S pO 2 ) was measured using a Bitmos meter (Bitmos GmbH, Dusseldorf, Germany), which uses Masimo signal extraction technology for signal processing and was set to a 2-s averaging time.
In addition to the standard PSG electrodes, TOI was measured using a NIRO 200NX spectrophotometer (Hamamatsu Photonics KK, Tokyo, Japan) positioned on the forehead, avoiding any hair. The sensors were covered with cloth to shield from any external light, and held in place with an elastic net bandage (Tubular-Net, Sutherland Medical, Victoria, Australia). Near-infrared spectroscopy enables calculation of cerebral TOI using continuous-wave light emission and detection measured over the frontal region of the brain, with the detection probe placed 4 cm from the emission probe. TOI was computed continuously using a spatially resolved spectroscopy algorithm and represents mixed oxygen saturations of all cerebral vascular compartments. Cerebral FTOE was calculated using: FTOE = (S pO 2 -TOI)/S pO 2 (Naulaers et al. 2007; Pichler et al. 2013) .
Paediatric sleep technologists sleep-staged and scored the PSG studies manually in 30-s epochs according to clinical practice at the time of the studies (Berry et al. 2012) . A minimum of 4 h of sleep was required for children to be included in the study in order to assess SDB severity. Obstructive apnoeas were defined as a > 90% fall in airflow for ࣙ 90% of event duration, with continued or increased respiratory effort. Mixed apnoeas consisted of a central component followed by an obstructive component. An obstructive hypopnoea was L. M. Walter and others J Physiol 597.3 associated with a ࣙ 50% fall in airflow signal for at least ࣙ 90% of the event, associated with an arousal, awakening or ࣙ 3% desaturation. Respiratory event-related arousals (RERAs) were scored where there was a discernible decrease in amplitude and flattening of the nasal pressure trace, associated with snoring, noisy breathing, elevation of the end-tidal or transcutaneous P CO 2 and/or visual evidence of increased work of breathing, leading to an arousal from sleep or ࣙ 3% desaturation.
Data analysis
The parameters from the PSG analysed for this study were total sleep time (TST), sleep efficiency (SE), obstructive apnoea hypopnoea index (OAHI), which was defined as the total number of obstructive apnoeas, mixed apnoeas, obstructive hypopnoeas and RERAs per hour TST, S pO 2 nadir, the arousal index (ArI), and the number of times the S pO 2 dropped by greater than 4% (ODI4). Children with SDB were grouped according to their OAHI into primary snoring (PS; OAHI ࣘ1 event/h TST) and OSA (OAHI > 1 event/h TST). The control children also had an OAHI ࣘ 1 event/h TST but differed from the children with PS as they had no parental concern of snoring, and no snoring observed on the PSG. It is important to include a non-snoring group in addition to the children with PS, although both groups have an OAHI ࣘ 1 event/h TST, as studies have identified that children with PS have similar adverse cardiovascular outcomes to children with OSA when compared with non-snoring controls (Li et al. 2009; Horne et al. 2011; Walter et al. 2013a) .
Ten minutes of wake data were recorded prior to sleep onset for both cerebral oxygenation and HRV measures. Data from each child were averaged for wake before sleep onset and TST. For HRV analysis, PSG data were transferred via European Data Format to data analysis software (LabChart 7.1, ADIinstruments, Sydney, Australia).
Heart rate variability analysis
Every 2-min epoch from the entire overnight study (including respiratory events) that was free of movement artifacts (disruption to the ECG signal caused by gross body movement) on the ECG signal was selected. Two-minute epochs were chosen to maximize the overall number of artifact-free epochs available for analysis, while ensuring an adequate length of time to accommodate enough oscillations within the LF range to detect changes. Periods of wakefulness during the sleep period were excluded. Each 2-min epoch was separated from the previous epoch by at least 30s . The intervening 30-s epochs were ECG artifact-free. The 2-min epochs were then grouped into wake before sleep onset and all epochs of sleep across the night and a mean value for each state (wake and sleep) calculated for each subject.
Power spectral analysis of HRV
For each 2-min epoch, the power spectral density for the LF band (0.04-0.15 Hz) reflecting a mixture of both parasympathetic and sympathetic activity and HF band (0.15-0.4 Hz) reflecting parasympathetic activity was determined (Task Force of the European Society of Cardiology & the North American Society of Pacing & Electrophysiology, 1996) . Total power represents the total power in the spectrum for the analysis region (ࣘ 0.4 Hz). The LF/HF ratio was determined as a measure of sympathovagal balance.
Statistical analysis
Statistical analyses were performed using SPSS (IBM Statistics, v.22 ). Data were first tested for normality and equal variance. Demographic, sleep, HRV and cerebral oxygenation parameters were compared between controls and children with PS and OSA with one-way ANOVAs or Kruskal-Wallace tests, followed by Bonferroni or Mann-Whitney U post hoc testing respectively. The associations between age, OAHI and the HRV variables TP, LF, HF and LF/HF during wake and sleep for controls and children with SDB were conducted using Spearman's correlations. The significant determinants of cerebral oxygenation (TOI and FTOE) were identified by multiple stepwise linear regression. TOI and FTOE were entered as the dependent variables, and TP, LF, HF, LF/HF, age and OAHI were entered as independent variables. Given that the control children did not have SDB, OAHI was not entered as an independent variable for the control children. The Benjamini and Hochberg False Discovery Rate method was used to correct for multiple testing. Data are presented as mean ± SD or median (interquartile range).
Results
There were no significant differences in the age or sleep data between the non-snoring control group and the SDB groups (Table 1 ). There was a significant effect of group for BMI z-score (Kruskal-Wallace statistic H = 9.395, p = 0.009). The BMI z-score was significantly lower in the control group compared with the PS (p = 0.011) and OSA (p = 0.005) groups. The BMI z-score was not different between the PS and OSA groups. As there were no significant differences between controls and children with SDB for the percentage of TST spent in each sleep stage and the effects of sleep stage on HRV have been well documented and was not the focus of this study, the sleep stages were combined. As expected, there was a significant effect of group for OAHI (H = 119.848, p < 0.001). The children with OSA had a significantly higher OAHI compared with controls and PS group (p < 0.001 for both). There was a significant effect of group for S pO 2 (H = 9.511, p = 0.009). The S pO 2 nadir was significantly lower in the OSA group compared with the controls (p = 0.02) and children with PS (p = 0.008). There were significant effects of group for the arousal index (ArI; H = 18.985, p < 0.001) and the number of times the S pO 2 dropped by ࣙ 4% (ODI4; H = 19.820, p < 0.001). ArI and ODI4 were significantly higher in the children with OSA compared with controls (p < 0.001 and p = 0.001 respectively) and PS (p = 0.001 and p < 0.001) groups. Mean, systolic and diastolic BP when awake (MAP, SBP, DBP) were not different between the groups. There were no significant differences in TOI or FTOE between groups, during wake or sleep (Fig. 1) . HR was not different between groups during wake or sleep ( Fig. 2A ). There was a significant effect of group for TP (H = 10.198, p = 0.044), LF (H = 9.290, p = 0.008) and HF (H = 12.178, p = 0.009) power. TP (p = 0.001), LF (p = 0.01) and HF (p = 0.002) power were significantly lower in the OSA group compared with the control group (Fig. 2B, C and D,  respectively) . There was no difference between children with PS OSA for TP, LF or HF power. There were no differences between the groups for LF/HF (Fig. 2E) .
The associations between HRV parameters and age for control children are presented in Fig. 3 . During wake, age was significantly positively correlated with LF power (r = 0.52, p = 0.002; reflecting sympathetic and parasympathetic activity), although this relationship was only moderately correlated (Fig. 3C ). During sleep, age was significantly positively and moderately correlated with both LF power (r = 0.39, p = 0.02; Fig. 3D ) and HF power (r = 0.42, p = 0.02; Fig. 3F ). The associations between HRV parameters and age in children with SDB are presented in Fig. 4 . In contrast to the control children, there were no significant associations with age during wake or sleep.
The significant determinants of TOI and FTOE are presented in Table 2 . In control children during wake, age was a significant positive determinant of TOI and a negative determinant of FTOE. This means that during wake, as the children got older, their TOI increased and their FTOE decreased. The HRV parameters were not significant determinants of either TOI or FTOE during wake in the control children.
In the control children during sleep, TP, LF and HF (reflecting parasympathetic activity) power were significant negative determinants of TOI and positive determinants of FTOE. LF power was the strongest determinant of both TOI and FTOE. These results indicate that as TP, LF and HF increase, TOI decreases and FTOE J Physiol 597.3 increases. Age was not a determinant of TOI or FTOE during sleep in control children.
As there were no significant differences between the children with PS and OSA, these groups were combined for this analysis. In the children with SDB, age, OAHI or any HRV parameter were not significant predictors of either TOI or FTOE during either wake or sleep.
Discussion
To our knowledge this is the first study to examine the effects of age on autonomic control of HR in children with SDB, and to relate this to cerebral oxygenation. We have confirmed previous findings and shown that HRV parameters, namely LF power (reflecting both sympathetic and parasympathetic activity) during wake and sleep, and HF power (reflecting parasympathetic activity) during sleep, increase with increasing age from 3 to 12 years of age. Importantly, we have identified that the normal relationship between HRV and age is absent in children with SDB. Furthermore, we have demonstrated that the influence that age and HRV have on cerebral oxygenation is different between sleep and wake, and between non-snoring controls and children with SDB. Age was the only significant determinant of cerebral oxygenation during wake in the control children, whereas during sleep, it was HRV that was the significant determinant of cerebral oxygenation. However, these associations were lost in children with SDB during both wake and sleep.
Our HRV data from the non-snoring control children are similar to previous studies on healthy children, which also used power spectral analysis and reported that age was positively correlated with the HRV parameters (Massin & von Bernuth, 1997; Massin et al. 2000; Kazuma et al. 2002) . During sleep control children in the current study had a moderate positive association between age, and LF and HF power, but this association was not found during either wake or sleep in the children with SDB. Our previous studies in children with SDB suggest that age has a significant effect on autonomic control of HR. Children aged 7-12 years with all severities of SDB had decreased TP, LF and HF power during rapid eye movement sleep . In contrast, in preschool-aged children those with primary snoring and mild OSA did not have reduced HRV compared with controls, and only the children with moderate-to-severe OSA had elevated parasympathetic activity during sleep, which was probably a reflection of their increased work of breathing (Nisbet et al. 2013b ). In the current study we have shown that this reduction in HRV in older children with SDB compared with controls results in the normal association of increasing HRV with age being lost. Age has been shown to be an important determinant of HRV in normal children, reflecting modulation with age as the autonomic nervous system matures (Finley & Nugent, 1995) . That SDB disrupts this maturation process is further corroboration for the need to treat children with SDB early, before the adverse cardiovascular outcomes become apparent.
HR and BP are primarily controlled by the cardiovascular centres located in the medulla oblongata, which respond to changes in blood concentration of oxygen, amongst other factors, via the autonomic nervous system (Wenker et al. 2017; Biga, 2018) . It has been postulated that the C1 neurons in the rostral and intermediate portions of the ventrolateral medulla are oxygen sensors activated by small and physiologically relevant reductions in cerebral P O2 , which trigger a response including increased arterial BP via increased sympathetic activity and cerebral blood flow (Sun & Reis, 1994) . There has been scant research involving the relationship between C1 neurons and the regulation of parasympathetic activity, although a study in rodents suggests that projections from C1 neurons to the dorsal motor nucleus may inhibit HR and ventricular contractility (Cheng et al. 1999) . The proposed response of C1 neurons to hypoxia is multifactorial, involving a number of different subsets of C1 neurons, pathways and innervation of a range of neurons that regulate several vascular beds, the myocardium and the adrenal medulla (Guyenet et al. 2013) . Recent work in rats suggesting that brainstem hypoxia contributes to the pathogenesis of systemic arterial hypertension supports previous research linking cerebral oxygenation to autonomic control (Marina et al. 2015) . However, contention remains regarding the sensitivity of brain nuclei to oxygen tension in the brain and further research is needed. We investigated the association between HRV, as a measure of autonomic control, and cerebral oxygenation. Under normal circumstances, oxygen supply to the brain is maintained in situations of reduced cardiac output, and fluctuations in arterial BP and HR (cerebral autoregulation). Cerebral autoregulation is reduced in adults with OSA (Nasr et al. 2009 ). Similar studies investigating autoregulation of cerebral oxygenation in children with OSA have not been conducted, although our previous study reported that children with all severities of SDB tended to have higher, although not significant, TOI in comparison to healthy controls (Tamanyan et al. 2018) . In contrast, Khadra et al. (2008) reported children with SDB tended to have lower TOI compared with controls. However, in both studies the differences in TOI between SDB severity groups were very small and would not be considered clinically significant. Although the multiple linear regression analysis identified that during wake only 52% and 51% of the variance in TOI and FTOE, respectively, could be attributed to age, and during sleep 53% and 54% could be attributed to the HRV parameters, our results nonetheless have identified that both age and HRV have significant effects on cerebral Figure 2 . Cardiovascular parameters of heart rate and heart rate variability in children with sleep disordered breathing and non-snoring controls Heart rate (A) and heart rate variability parameters of total power (B), low-frequency power (C), high-frequency power (D) and low-frequency to high-frequency ratio (E) in controls, and children with primary snoring or obstructive sleep apnoea during wake and sleep. * P < 0.05. oxygenation in healthy, non-snoring children. The current study has identified that SDB affects these particular factors that determine cerebral oxygenation in normal children. FTOE is the most informative measure of cerebral oxygenation. TOI represents the mixed oxygen saturation in all cerebral vascular compartments, whereas FTOE accounts for peripheral oxygen saturation, and therefore provides a ratio of cerebral oxygen consumption to delivery (Naulaers et al. 2007) . Our results suggest that in normal children, higher HRV is associated with higher cerebral oxygen consumption relative to oxygen delivery, during sleep. Children with SDB, however, appear to lose the normal associations between HRV, and TOI and FTOE. There were no significant differences identified between the children with SDB and controls for either TOI or FTOE to explain this loss of association. We speculate that the dampened HRV exhibited by the children with SDB may have had an attenuating effect on cerebral autoregulation via the moderating influence of HRV on cerebral blood flow. This potentially resulted in these children no longer displaying the normal associations between HRV and cerebral oxygenation. However, we acknowledge that this may be a bi-directional relationship and cerebral oxygenation may also affect autonomic control. Further research is needed to completely elucidate the temporal relationship between autonomic control and cerebral oxygenation. Sleep stages were combined and the analysis performed did not account for variations in either cerebral oxygenation or HRV parameters attributable to sleep stage. However, as we have previously reported the effects of sleep stage on HRV, this was not the focus of this paper .
In summary, we have demonstrated that changes in cerebral oxygenation are influenced by age during wake and HRV during sleep in normal non-snoring children. In children with SDB, however, age had no effect on cerebral oxygenation. This may suggest a disruption to the normal homeostatic mechanisms controlling cerebral oxygenation as children get older and the cardiovascular sequelae of their SDB worsens. We speculate that HRV parameters are predictive of cerebral oxygenation in non-snoring controls during sleep but not in children with SDB, because HRV is dampened in children with SDB. We posit that the dominant role that the gradient between arterial BP and intracranial pressure has in cerebral blood flow (Tarumi & Zhang, 2018) may obfuscate the influence of HRV in children with SDB.
The limitations of this study need to be acknowledged. The analysis of HRV has its own limitations. Limitations inherent to measuring HRV using ECG leads are the common sources of noise in the ECG signal. These can be either physiological in nature such as respiration-induced baseline drift, or noise can be caused by electrode contact movement (Lu & Yang, 2009 ). However, our data underwent a rigorous manual data reduction process whereby all epochs containing artifacts were removed from further analysis. HRV does not give a measure of sympathetic activity alone. Had continuous BP been recorded overnight, we would have been able to determine LF BP variability, which reflects sympathetic vasomotor tone, and thus would have a more complete picture of autonomic control. A more comprehensive analysis of the determinants of cerebral oxygenation would also have included BP and future research is needed that includes recording of continuous BP. A further limitation of the study is that our data do not prove causality, only associations. The mechanistic studies that are needed to prove causality are not ethically able to be conducted in children.
Conclusions
Our results suggest that SDB disrupts the normal maturation of the autonomic nervous system that occurs with age, as the increase in HRV with age that is seen in healthy children is not apparent in the children with SDB. Furthermore, we have identified that SDB disrupts the association between HRV and cerebral oxygenation exhibited by healthy non-snoring control children. Further research is required to elucidate the long-term effects of both the disruption to the maturation process of autonomic heart rate control and the disassociation between autonomic control and cerebral oxygenation on the sequelae of SDB in children.
